Abstract. Human blastocysts that fail to implant following IVF secrete elevated levels of miR-661, which is taken up by primary human endometrial epithelial cells (HEECs) and impairs their adhesive capability. MicroRNA miR-661 downregulates mouse double minute homologue 2 (MDM2) and MDM4 in other epithelial cell types to activate p53; however, this has not been examined in the endometrium. In this study MDM2 protein was detected in the luminal epithelium of the endometrium, the site of blastocyst attachment, during the mid secretory receptive phase of the menstrual cycle. The effects of miR-661 on gene expression in and adhesion of endometrial cells was also examined. MiR-661 overexpression consistently downregulated MDM2 but not MDM4 or p53 gene expression in the Ishikawa endometrial epithelial cell line and primary HEEC. Adhesion assays were performed on the real-time monitoring xCELLigence system and by co-culture using Ishikawa cells and HEECs with HTR8/SVneo trophoblast spheroids. Targeted siRNA-mediated knockdown of MDM2 in endometrial epithelial cells reduced Ishikawa cell adhesion (P , 0.001) and also reduced HTR8/ SVneo trophoblast spheroid adhesion to Ishikawa cells (P , 0.05) and HEECs (P , 0.05). MDM2 overexpression using recombinant protein treatment resulted in enhanced HTR8/SVneo trophoblast spheroid adhesion to Ishikawa cells (P , 0.01) and HEECs (P , 0.05). This study highlights a potential new mechanism by which human blastocyst-secreted miR-661 reduces endometrial epithelial cell adhesion; via downregulation of MDM2. These findings suggest that MDM2 contributes to endometrial-blastocyst adhesion, implantation and infertility in women.
Introduction
Synchronous embryo and endometrial development are critical for implantation and successful pregnancy. In preparation for implantation, the endometrium undergoes dramatic remodelling during the menstrual cycle. Following menses, the endometrium regenerates throughout the proliferative phase under the influence of oestradiol. Progesterone regulates the secretory phase, whereby the endometrium differentiates and undergoes morphological and functional alterations to become 'receptive' during the mid-secretory phase of the menstrual cycle. The blastocyst enters the uterine cavity up to 72 h before its apposition and adhesion to a receptive endometrial luminal epithelium (Norwitz et al. 2001) .
Abnormalities in blastocyst adhesion to the endometrial luminal epithelium lead to implantation failure and infertility (Timeva et al. 2014) . The identification of novel mechanisms by which endometrial receptivity is regulated could lead to targets for treatment of implantation failure. Current understanding of the critical factors that regulate blastocyst-endometrial interactions in humans is limited. To address this, we previously demonstrated that cultured human IVF blastocysts secrete soluble factors that alter primary human endometrial epithelial cell (HEEC) gene expression and adhesion (Cuman et al. 2013) , strongly suggesting that human blastocysts influence endometrial receptivity by altering endometrial adhesive capacity and thus affecting implantation. More recently, we discovered that human blastocyst-secreted small non-coding RNAs, microRNAs (miRs), are taken up by primary HEECs and regulate their adhesion, gene and protein expression .
MiRs are short (,23 bases), highly conserved sequences that regulate the expression of 50% of genes in the human genome by binding to specific mRNAs via targets located mostly in their 3 0 untranslated regions (UTRs; Bartel 2009; Shukla et al. 2011) . The main role of miRs is post-transcriptional regulation by binding to target sequences of specific mRNAs to cause translational arrest or degradation of the targeted mRNA (Bartel 2009 ). We reported that miR-661 was the most highly expressed miR in spent blastocyst culture medium from blastocysts that failed to implant compared with blastocysts that successfully implanted during IVF cycles . Uptake of miR-661 by primary HEECs reduced trophoblast cell line spheroid attachment to HEECs, a finding that was only partly explained by miR-661 regulation of Nectin-1 . This implies that other miR-661 target genes likely also contribute to endometrial adhesive capacity, receptivity and implantation.
MiR-661 has ,1000 predicted targets in different cell types, with only two experimentally confirmed in the endometrium: Nectin-1 and metastasis-associated protein 2 (MTA2; Cuman et al. 2015) . Confirmed targets of miR-661 in other cell types include the mouse double minute homologues 2 (MDM2) and 4 (MDM4; Hoffman et al. 2014a) . MDM2 is a really interesting new gene (RING) finger-containing ubiquitin protein ligase (E3) with a well-established function as a negative regulator of p53 (Haupt et al. 1997) . MDM4, a structural homologue of MDM2, also binds to the N-terminus of p53 and is a key inhibitor of p53. It is well established that the p53 pathway is crucial in mediating tumourigenesis (Wade et al. 2013) . Interestingly, p53 also plays an important role in blastocyst implantation through regulation of leukaemia inhibitory factor (LIF) in mice (Hu et al. 2007) . In humans, a p53 single-nucleotide polymorphism (SNP), referred to as codon P72, has been reported to functionally reduce LIF protein production in cells with this SNP. The codon P72 SNP is enriched in women with recurrent implantation failure (Kang et al. 2009 ). Furthermore, selected alleles in SNPs in the p53 pathway, including LIF, MDM2 and MDM4, were also enriched in infertile IVF patients compared with fertile women, although their functions are yet to be determined (Kang et al. 2009 ). Together, this suggests that mediators of the p53 signalling pathway, including MDM2 and MDM4, may play an important role in receptivity, implantation and fertility.
To date, however, MDM2 and MDM4 have not been localised in human endometrium and their potential roles in endometrial epithelial cell function and receptivity have not been investigated. In this study we aimed to localise MDM2 and MDM4 in human endometrium across the menstrual cycle and to determine whether these are targets of miR-661 in endometrial epithelial cells. We subsequently investigated the functional effect of MDM2 knockdown and MDM2 overexpression on endometrial epithelial adhesive capacity during the receptive phase of the menstrual cycle.
Materials and methods

Ethics statement
Written informed consent was obtained from each patient and the study was approved by the Southern Health Research and Ethics Committee (#09317B) at Monash Medical Centre Melbourne, Australia.
Endometrial tissue collection
Endometrial biopsies were collected by curettage from women with regular menstrual cycles throughout the menstrual cycle. Biopsies were obtained from women with known normal fertility during the proliferative (Days 7-17) or early , mid (Days 21-25) and late secretory phases (Days 26-27) of the menstrual cycle (n ¼ 8 per phase). All women had regular menstrual cycles, were not using intrauterine contraceptives and had not used hormones for at least 3 months before surgery. Biopsies were examined by an experienced gynaecological pathologist to confirm that they showed no evidence of possible endometrial dysfunction. Dating of the menstrual cycle was established from histopathology reports and from histological examination.
Immunohistochemistry
Immunohistochemistry for MDM2 and MDM4 was performed on formalin-fixed endometrial tissue from fertile women across the menstrual cycle (n ¼ 8 per phase). Fixed tissue slides were rehydrated and then antigen retrieval was performed in 0.01 M citrate buffer, followed by 3% hydrogen peroxide in methanol for 10 min to block endogenous peroxidase activity. Tissues were washed with Tris-buffered saline (TBS) and incubated with nonimmune block (Dako) for 30 min. Primary antibody was applied and incubated at 48C overnight, using the following primary antibodies: 5 mg mL À1 anti-MDM2 antibody (#ab38618; Abcam) or 1.4 mg mL À1 anti-MDM4 antibody (#ab154324; Abcam). Negative isotype control rabbit IgG (#E0353; Dako) was applied at the same concentration as the primary antibodies. This was followed by biotinylated horse anti-mouse or goat anti-rabbit IgG (1 : 200; Vector) for 30 min, then streptavidin-biotin-peroxidase complex ABC (Dako) according to the manufacturer's instructions. Peroxidase activity was visualised by application of diaminobenzidine substrate (Dako) for 2-3 min. Tissues were counterstained with Harris haematoxylin (Sigma-Aldrich), airdried and mounted. A quality control slide was present in each immunohistochemistry run.
Cell lines and culture
Ishikawa endometrial epithelial cells were provided by Dr M. Nishida (Tsukuba University, Tochigi, Japan) and cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal calf serum (FCS; Invitrogen). The HTR-8/SVneo trophoblast cell line exhibits features of invasive trophoblast cells, such as human leukocyte antigen-G (extravillous trophoblast marker) and cytokeratin-7 expression (Hannan et al. 2010) . These cells were cultivated and maintained in Roswell Park Memorial Institute medium (RPMI) 1640 (Sigma-Aldrich) supplemented with 10% FCS as previously described (Graham et al. 1993) . Both cell lines were authenticated by Monash Health Translational Precinct Medical Genomics, June 2016.
Primary human endometrial epithelial cell (HEEC) isolation
Endometrial epithelial cells were prepared as previously published . Briefly, endometrial tissue was digested with collagenase and the suspension was filtered through 43-and 11-mm nylon mesh to collect endometrial epithelial glands. The cells and epithelial fragments were collected and resuspended in a 1 : 1 mixture of DMEM/Hams F-12 (Gibco) supplemented with 10% FCS and 1% antibiotic-antimycotic solution (Gibco) and plated. A purity of 95% was necessary for the cells to be used experimentally.
Micro-RNA (miR-661) mimic transfection
HEECs and Ishikawa cells were grown to 70% confluence in 96-well plates and transfected according to manufacturer's instructions using Lipofectamine RNAimax and 100 nM miR-661 mimic (Life Technologies) for 72 h. A scrambled microRNA sequence (scr; Life Technologies) was used as a control. These treated cells were used to model the endometrial epithelium and perform target gene analysis studies (number of passages: Ishikawa cell line, n ¼ 4 per group; HEECs, n ¼ 6 per group).
In order to more accurately model blastocyst-secreted miR-661 uptake by the endometrium, HTR8/SVneo trophoblast cells were grown to 70% confluence in 96-well plates and transfected with miR-661 mimic or scr control as above. Conditioned medium (CM) was collected from transfected HTR-8/SVneo trophoblast cells after 72 h. The CM was cultured with untreated HEEC in 96-well plates for 8 h to determine the effect on HEEC target gene expression (n ¼ 6 per group). We have previously demonstrated using fluorescein-tagged miR-661 that transfection of HTR-8/SVneo cells using miR-661 mimic results in miR-661 secretion into CM and direct uptake by human endometrial epithelial cells, confirmed by immunofluorescence . The transfection efficiency in this study was confirmed by quantitative real-time reverse transcription polymerase chain reaction (RT-PCR).
Small interfering RNA (siRNA) transfection Ishikawa cells or HEECs (n ¼ 3 per group) were grown to 70% confluence in a 96-well plate (spheroid adhesion) or to 70% confluence in a 48-well plate (real-time adhesion) and transfected with commercially generated and validated ON-TARGET plus SMARTpool siRNA (Dharmacon) that targeted either MDM2 or a non-specific sequence as a scrambled (scr) control. Delivery of the siRNA was performed using Lipofectamine RNAiMAX (Invitrogen) according to manufacturer's instructions at an end concentration of 20 nM. Cells were transfected for 72 h before RNA collection or before beginning the functional experiments. Confirmation of knockdown of MDM2 expression in Ishikawa cell and HEEC lysates was performed by quantitative real-time RT-PCR.
RNA preparation and quantitative real-time RT-PCR RNA was extracted from cultured cells using Tri Reagent (Sigma-Aldrich) according to the manufacturer's instructions. Isolated RNA was reverse transcribed into complimentary DNA with the M-MLV RT system (Life Technologies) by using the TaqMan primer sets for miRs (Applied Biosystems) or oligo primers (Sigma-Aldrich) for non-miRs. Real-time PCR was performed using the TaqMan Fast Universal PCR Master mix (Applied Biosystems) or Power SYBR Green master mix (Applied Biosystems) by using TaqMan probes or specific primer pairs (Table 1) . MiR-661 expression levels were normalised against housekeeping control snU6 probes as previously reported . Expression of gene targets of miR-661 were normalised against 18s.
Real-time cell adhesion assay Experiments were carried out using the RTCA SP xCELLigence instrument (Roche Diagnostics GmbH), which measures electrical impedance of cells (Winship et al. 2017) and was placed in a humidified incubator maintained at 378C with 95% air, 5% CO 2. For adhesion, MDM2 siRNA or scr control-treated Ishikawa cells (n ¼ 3 per group) were seeded in E-plates at 10 000 cells per well in 5% FCS medium. The plate was monitored once every 15 min for a total of 6 h to examine adhesion. Data was calculated using RTCA software Version 1.2, supplied with the instrument (ACEA) and exported for statistical analysis.
Trophoblast spheroid adhesion assay
To determine the effect of MDM2 on the adhesive properties essential for the attachment of the blastocyst to the endometrium, a co-culture model was established based on a previous publication (Krishnan et al. 2013) , with some modification. Spheroids were formed using HTR8/SVneo cells (2000 cells per spheroid) in a Cellstar U-shaped 96-well suspension culture plate (Greiner Bio-One) and incubated at 378C for 48 h. 
GATCCATTGGAGGGCAAGTCT CCAAGATCCAACTACGAGCTT Ishikawa cells and HEECs were treated with MDM2 siRNA, scr control, 500 ng mL À1 recombinant human MDM2 (based on concentration response data) or phosphate-buffered saline (PBS) vehicle control (n ¼ 3 per group). Spheroids were transferred into a 96-well plate containing treated Ishikawa cells (7 spheroids per well) or HEECs (16 spheroids per well). Spheroid number was determined visually before incubation at 378C for 4 h (Ishikawa cells) or 2 h (HEECs). Co-culture wells were washed gently with 150 mL serum-free DMEM/F12 medium and the remaining spheroids counted to determine the number of adhered spheroids. Attachment was expressed as a percentage of the original spheroid number.
Statistical analyses
Statistical analysis was carried out using GraphPad Prism Version 6.0 (GraphPad Software). For comparisons of two groups, Student's t-test was performed, while multiple groups were compared using one-way ANOVA, with Tukey's post-hoc test. Results of P , 0.05 were considered to be statistically significant.
Results
MDM2 and MDM4 localisation in human endometrium across the menstrual cycle We immunolocalised MDM2 and MDM4 protein in human endometrium across the menstrual cycle. MDM2 localised to the cytoplasm and cell membrane of the luminal epithelium (LE) and staining intensity was high during the mid and late secretory phases in endometrial tissue (Fig. 1a-d) . Staining intensity was weak in the glandular epithelium (GE) and stroma throughout all phases of the menstrual cycle and was weak in all cell compartments during the proliferative and early secretory phase. MDM4 localised to the cytoplasm of the GE, LE and the stroma across the menstrual cycle (Fig. 2a-d) . Additionally, nuclear MDM4 immunostaining was evident in the LE and GE during the late secretory phase (Fig. 2d) .
MiR-661 mimic downregulates MDM2 in endometrial epithelial cells MiR-661 was overexpressed by transfecting Ishikawa cells or HEECs with miR-661 mimic. MiR-661 was significantly upregulated in both cell types treated with mimic versus scrambled control (Fig. 3a) . MiR-661 mimic significantly reduced MDM2 mRNA levels in Ishikawa cells (P , 0.01), but resulted in no significant differences of MDM4 or p53 mRNA compared with the control (Fig. 3b) . MDM2 and MDM4 mRNA levels were significantly reduced in primary HEECs transfected with miR-661 mimic compared with control (P , 0.05), whereas p53 mRNA expression was unchanged (Fig. 3c) . In order to more accurately model blastocyst-secreted miR-661 being taken up by the endometrium, HTR8/SVneo trophoblast cells were transfected with miR-661 mimic or control. CM from miR-661 or control transfected HTR8/SVneo cells was used to treat HEECs and determine the effect on HEEC gene expression. MDM2 and p53 mRNA levels were significantly reduced following exposure to conditioned medium from HTR8/SVneo trophoblasts transfected with miR-661 mimic versus control (P , 0.05; Fig. 3d ). MDM4 mRNA expression was unchanged. 
MDM4 ϫ40
IgG ϫ40 MDM4 ϫ100 Fig. 2 . MDM4 localisation and staining intensity in endometrial tissue. Representative photomicrographs of MDM4 immunohistochemistry performed on endometrium from normal fertile women during the proliferative, early secretory, mid secretory and late secretory phase of the menstrual cycle (n ¼ 8 per phase). Arrows highlight brown positive staining in the endometrial luminal epithelium (LE), glandular epithelium (GE) and stroma, with blue nuclear counterstain. Isotype IgG negative controls for each image are also depicted Scale bars ¼ 20 mm.
significantly reduced MDM2 mRNA compared with scr control (P , 0.01; Fig. 4a ). Using a real-time adhesion assay, siRNAmediated MDM2 knockdown significantly reduced Ishikawa cell adhesion by 31% AE 3.8 compared with control at 6 h (P , 0.001; Fig. 4b ). To further confirm the effect of MDM2 knockdown on endometrial epithelial adhesive capacity, coculture adhesion assays were performed using HTR8/SVneo spheroids with MDM2 siRNA or control-treated Ishikawa cells or primary HEECs. HTR8/SVneo trophoblast spheroid adhesion to MDM2 siRNA-treated Ishikawa cells was reduced by 14.66% AE 4.3 compared with scr control (P , 0.05; Fig. 4c ). Co-culture of HTR8/SVneo trophoblast spheroids with MDM2 siRNA-treated HEECs resulted in a 38.26% AE 2.0 reduction in spheroid adhesion versus scr control (P , 0.05; Fig. 4d ).
MDM2 enhances endometrial epithelial cell adhesive properties Pretreatment of Ishikawa cells or HEECs with recombinant human MDM2 (500 ng mL À1 ) for 24 h resulted in increased HTR8/SVneo trophoblast spheroid adhesion to Ishikawa cells by by 24% AE 7.9 compared with control at 4 h (P , 0.01; Fig. 5a ) and to HEECs by 22% AE 2.8 compared with control at 4 h (P , 0.05; Fig. 5b ).
MDM2 regulates p53 and LIF expression in endometrial epithelial cells MDM2 inhibition by siRNA significantly reduced p53 gene expression in Ishikawa cells (P , 0.05; Fig. 6a ), but not HEECs (Fig. 6b) . LIF mRNA was significantly reduced following MDM2 knockdown versus control in both Ishikawa cells (Fig. 6a) and HEECs (P , 0.05; Fig. 6b ). IL11 and E-cadherin (ECAD) mRNA levels were unchanged in both cell types.
Discussion
We have previously demonstrated that human blastocysts that fail to implant secrete elevated levels of miR-661, which is taken up by primary human endometrial epithelial cells and impairs their adhesive capability . In the present study we report that miR-661 consistently downregulates MDM2, but not MDM4 or p53 gene expression in human endometrial epithelial cells. MDM2 knockdown reduced endometrial epithelial cell adhesion, while addition of recombinant MDM2 enhanced endometrial epithelial cell adhesive properties. These results highlight a potential new mechanism by which miR-661 reduces endometrial epithelial cell adhesion and receptivity in humans and demonstrates the importance of MDM2 in endometrial receptivity.
MDM2 predominantly localised to the LE in cycling human endometrium, within the cytoplasm and cell membrane, which is consistent with reports in other epithelial cell types (Iwakuma and Lozano 2003) . Weak MDM2 staining intensity was observed in the GE and stroma. MDM2 immunostaining intensity in the LE was abundant during the mid and late secretory phase of the menstrual cycle; however, this was not quantified. Cyclic AMP-mediated decidualisation in human endometrial stromal cells was previously reported to downregulate MDM2 mRNA and protein (Pohnke et al. 2004) , although MDM2 regulation in the endometrial epithelium has not yet been examined. MDM4 protein was abundant in the LE, GE and stromal nuclei, but was also present in the cytoplasm in all endometrial compartments. MDM4 contains a nuclear localisation signal, but lacks a nuclear export signal and is unable to bind to and export p53 from the nucleus (Stad et al. 2001) . The predominant nuclear presence of MDM4 may be attributed to its role in competitively inhibiting p53 interactions with other proteins. P53 was previously immunolocalised in the cycling human endometrium, with significantly higher protein production during the proliferative versus the secretory phase (Maia et al. 2004) . It is possible that MDM4 may contribute to negative regulation of p53 in the endometrium, while MDM2 does not, although this requires further investigation.
MiR-661 consistently downregulated MDM2, but not p53 or MDM4 in Ishikawa cells, primary HEECs and HEECs cultured with miR-661 mimic-treated trophoblast-conditioned medium. Downregulation of MDM2 in endometrial epithelial cells did not coincide with an upregulation in p53, suggesting that MDM2 does not act as a negative regulator of p53 in the endometrium. Interestingly, p53 mRNA was reduced in HEECs treated with trophoblast culture medium containing miR-661. This may be due to other factors present in the trophoblast culture medium, such as other miRs or proteins that alter p53 gene expression. Presently, over 20 miRNAs have been identified as the direct negative regulators of p53 through binding to the 3 0 -UTR of the p53 mRNA (reviewed Zhang et al. 2015) . Of these, numerous miRs confirmed to regulate p53 have also been reported in the endometrium in humans or mice (Panda et al. 2012; Liu et al. 2013; Chen et al. 2016; Liu et al. 2016) . MDM4 expression was reduced in primary HEECs transfected with miR-661 mimic. However, this was not observed in Ishikawa cells or in primary HEECs treated with trophoblast culture medium containing miR-661. It is possible that miR-661 and MDM2 exert differences in target gene regulation between primary human endometrial epithelial cells and the Ishikawa model cell line, highlighting the importance of confirming findings from cell lines using primary cells. It is also likely that factors other than miR-661 were taken up by the HEECs from the culture medium to impair MDM4 regulation by miR-661. Together these findings demonstrate that miR-661 downregulates MDM2 in endometrial epithelial cells more effectively than MDM4, in line with findings in other epithelial cells (Hoffman et al. 2014b) .
Although the immunostaining intensity was not quantified across the menstrual cycle, it was clearly evident that MDM2 protein localised to the endometrial LE, the point of contact between an implanting blastocyst and the endometrium during blastocyst adhesion, during the mid-secretory or 'receptive' phase in fertile women. However, it is plausible that blastocystderived miR-661 could target and downregulate MDM2 in the LE to alter implantation. Indeed MDM2 knockdown impaired Ishikawa cell adhesion, and knockdown in both Ishikawa cells and HEECs significantly reduced trophoblast spheroid adhesion compared with control. Together, this implies that MDM2 is an important regulator of receptivity and that MDM2 has a functional role in endometrial-blastocyst adhesion during implantation.
In support of this hypothesis, the addition of MDM2 protein enhanced trophoblast spheroid adhesion to both Ishikawa cells and HEECs. However, a substantial limitation of this study is that the physiological concentration of MDM2 protein within the uterine cavity remains unknown. The concentration of recombinant MDM2 used in functional adhesion assays in the present study was chosen based on pilot concentration-response data, in which 500 ng mL À1 recombinant MDM2 enhanced spheroid adhesion to endometrial epithelial cells, although did not elicit a complete binding response in all spheroids compared with controls. We have shown that MDM2 localises to the endometrial luminal epithelium cell membrane and cytoplasm. Furthermore, MDM2 is detected in serum (Zhou et al. 2014) , together suggesting that MDM2 can be secreted and may be secreted into the endometrial lumen to facilitate adhesion, although this remains to be determined.
Blastocyst implantation is a complex process mediated by many factors. We investigated MDM2 regulation of known receptivity regulators. IL11 is thought to contribute to implantation in humans , but has been shown to be fundamental for decidualisation in both humans and mice (Robb et al. 1998; Dimitriadis et al. 2002) . MDM2 knockdown did not alter IL11 mRNA expression in endometrial epithelial cells, probably due to the fact that IL11 may play a more crucial role after implantation (Winship et al. 2015) . MDM2 and E-cadherin co-localise on the plasma membrane and MDM2 ubiquitinates E-cadherin, decreasing protein levels, in turn impairing cell-cell adhesion, to increase cell motility and invasion in human breast cancer cells (Yang et al. 2006 ). E-cadherin is essential for the establishment of the epithelial phenotype and the prevention of invasiveness (Behrens 1994) . Implantation is an event in which epithelial to mesenchymal transition and trophoblast invasion occur synchronously. However, E-cadherin (ECAD) mRNA was not regulated by MDM2 in the endometrial epithelium. LIF is reported to regulate implantation in humans (Cullinan et al. 1996; Vogiagis et al. 1996; Laird et al. 1997) and is required for implantation in mice (Stewart et al. 1992; White et al. 2007; Menkhorst et al. 2010 Menkhorst et al. , 2011 . LIF mRNA was significantly reduced in Ishikawa cells and HEECs in response to MDM2 knockdown, which further supports a role for MDM2 in endometrial receptivity and implantation. LIF has been shown to upregulate MDM2 mRNA and protein in order to increase the degradation of p53; hence, LIF and MDM2 both have the ability to negatively regulate p53 in a cancer setting (Yu et al. 2014) . However, to our knowledge this is the first report of MDM2 regulation of LIF. This finding highlights a possible mechanism by which MDM2 regulates HEEC adhesion.
Infertility affects ,10-15% of reproductive-aged couples, with an estimated 50% attributed to underlying female infertility (Evers 2002 ). Pregnancy success rates from assisted reproductive technologies (ART) such as IVF have not significantly altered since their advent; current IVF success rates are ,30% (Kupka et al. 2014) . The identification of novel mechanisms by which blastocyst-secreted factors alter the endometrium could lead to targets for treatment of implantation failure, to ultimately improve IVF outcomes. We were the first group to identify a miR, miR-661, that is secreted by blastocysts that fail to implant but is not secreted by blastocysts that successfully implant during IVF . It is likely that miR-661 regulates multiple targets within HEECs, with hundreds of different predicted targets, of which only a few have been confirmed in the endometrial epithelium, including MTA2, Nectin-1 and MDM2. Evidently, miR-661 could not only alter embryo implantation, but also reflect embryo implantation potential and be exploited as a biomarker to predict this in an IVF setting. However, it is likely that a panel of miRs, rather than individual molecules could be used to develop such a test. Therefore, it is now crucial to identify and validate additional miRs and their targets. In summary, this study defines the importance of MDM2 as a regulator of endometrial receptivity. It highlights a new pathway by which human blastocyst-secreted miR-661 regulates MDM2 in the human endometrium, which, in turn, probably contributes to endometrial-blastocyst adhesion, implantation and more broadly, infertility.
